Linum usitatissimum (Flax) is an important agronomic crop grown for its fiber (linen) and oil (linseed oil). In spite of thousands of years of breeding some fiber varieties have been shown to rapidly respond to environmental stress with heritable changes to its genome. Many microRNAs (miRNAs) appear to be induced by abiotic or biotic conditions experienced through the plant life cycle. Here a bioinformatics approach is used to screen for miRNAs previously identified in other plant species, as well as to predict putative miRNAs unique to a particular species which may not have been identified as they are less abundant or dependent upon a specific set of environmental conditions. Twelve miRNA genes were identified in flax on the basis of unique premiRNA positions with structural homology to plant pre-miRNAs and complete sequence homology to published plant miRNAs. These miRNAs were found to belong to seven miRNA families, with an additional two matches corresponding to as yet unnamed poplar miRNAs and a parologous miRNA with partial sequence homology to mtr-miR4414b. An additional 649 novel and distinct flax miRNA genes were identified to form from canonical hairpin structures and to have putative targets among the ~30,000 flax Unigenes.
Introduction
Linum usitatissimum (Flax) is an important agronomic crop grown for both its fiber (linen) and oil (linseed oil). The two different uses have required breeding to develop cultivars either with higher oil content and seed yield or reduced branching and increased height. In spite of thousands of years of breeding some fiber varieties have been shown to rapidly respond to environmental stress with heritable changes to its genome, as well as changes in phenotype over the course of a single generation. [1] [2] [3] [4] [5] The inducibility of rapid structural variation in the genome makes flax a unique plant model for identifying the mechanisms controlling genome stability. The variation observed in the rapid response includes changes in genome size, copy numbers of ribosomal DNA, and structural rearrangements. 3, 5, 6 Computational microRNA (miRNA) analysis of the flax genome provides a foundation for subsequent research on miRNA function in flax. Therefore an analysis of miRNAs and their targets is expected to identify unique flax miRNAs not previously identified in other plant genomes.
In plants, endogenous miRNAs are known to be involved in many biological and metabolic processes, including plant architecture, meristem development, stress response and signal transduction. 7, 8 Many miRNAs appear to be induced by abiotic or biotic conditions experienced through the plant life cycle. [9] [10] [11] A bioinformatics approach is a way to screen for miRNAs previously identified in other plant species, as well as to predict putative miRNAs unique to a particular species which may not have been identified as they are less abundant or dependent upon a specific set of environmental conditions. MiRNAs are 19-21nt noncoding RNA molecules derived from hairpin forming pre-cursor sequences and their biogenesis involves multiple enzymes over many steps. 12 Pri-miRNAs, the primary transcripts, are transcribed from the genome and cleaved into pre-miRNAs which form the characteristic hairpin structure processed by a Dicer-like enzyme. 13 The mature miRNA sequence is cleaved from the precursor while still bound to its complement, known as miRNA*, in a double-stranded conformation (miRNA:miRNA*). This complex is then bound by the Argonaute protein and the complementary strand is released before the guide strand is incorporated into the RNA Induced Silencing Complex to enable targeted mRNA repression or degradation prompted by mRNA cleavage. 14 MiRNAs are just one of the three main classes of small RNAs: small interfering RNAs (siRNAs), microRNAs and Piwi-interacting RNAs (piRNAs). Although plants have not yet been shown to produce piwiRNAs, many of their siRNAs have developed similar regulatory roles to those of piwiRNAs in other organisms.
14 While siRNAs originate from doublestranded RNA and miRNAs are encoded as part of the transcriptome, the biogenesis of siRNAs and miRNAs have similar stages during their biogenesis in plants, including their slicing activity against their targets. 15 This can make it difficult to distinguish miRNAs by their mature sequence or targets alone. Furthermore, Wang et al. have shown that there is little pre-miRNA sequence conservation between species; thus, conventional sequence-alignment based methods are insufficient for identifying anything other than very close miRNA homologs on the basis of pre-miRNA sequence conservation. 17, 18 According to Meyers et al., computational analysis indicating preservation of stem-loop precursor embedded with the mature miRNA sequence provides strong support for miRNA annotation. 18 Thus, computational analysis is a rational first step in the analysis of miRNAs in a newly sequenced genome.
Bioinformatics analysis of a genome or its EST Database is often the first step in a small RNA study due to its minimal costs and ability to identify miRNAs. The putative miRNAs can also be examined for position effects within the genome itself and potential EST sequences they may be associated with either as targets or precursors. Preliminary characterization provides a framework for future analysis of miRNA genes and their roles in key traits.
An ab initio approach to identifying potential miRNAs examines genomic and/or UNI-GENE sequences for structural similarities and characteristics in keeping with miRNA biogenesis. Algorithms designed to examine potential precursor sequences for their ability to fold back into characteristic hairpin sequences with minimal free-energy values and appropriately placed mature sequences within the stem with few gaps and mismatches between the miRNA and its miRNA* are utilized. This step is computationally intensive as each sequence is examined for its ability to form hairpin structures and the associated free energy calculation. A comparative genomics approach identifies miRNAs based on sequence conservation between species. It has been used in cotton, soybean, wheat, potato, apple, switchgrass and citrus to identify conserved mature miRNAs and then to expand out from those sequences to determine if a canonical hairpin can be formed. 8, [19] [20] [21] [22] [23] [24] However, conserved and de novo miRNAs can be identified in the same workflow ( Figure 1 ) by combining these approaches to first determine if the canonical hairpins which meet the criteria outlined by Ambros et al. are able to form, and then scanning the predicted hairpin and their predicted mature miRNAs for sequence conservation with plant miRNAs available in the public datasets. 18 The recent availability of the genome sequence from the oilseed flax variety Bethune has allowed for an initial examination of flax's potential miRNA profile. In this study the flax genome, Bethune v.09, and the flax seed EST Database, UNIGENE, were used to predict conserved and novel miRNAs by way of the BLASTn and De Novo Prediction of MicroRNACoding Regions in a Single Plant-Genome (NovoMIR) programs. NovoMIR has been previously shown to have a high sensitivity and specificity for other plant genomes, however this will be the first test of novoMIR on the flax genome. 25 Computational prediction of novel and conserved miRNAs using both the genome and EST database provides an alternative solution to the difficulties associated with largescale experimental validation of miRNA expression such as cost and limited tissue or conditionally expressed microRNAs. The predictions makes expression data associated with these ESTs available for future experiments examining functional characteristics of miRNAs in flax. 26 Here we report the identification of conserved and novel miRNAs and examined potential targets of these miRNAs.
Materials and Methods

Sequences and databases
The flax database of 30,640 full-length flax ESTs collected from seed libraries known as UNIGENE was provided by Raju Datla in June 2011 and are now available. 26 Unigenes were used in the prediction of miRNAs as well as target sequences.
The Flax genome v.09 is comprised of 302 Mb of non-redundant sequence representing an estimated ~85% genome coverage at 95X Illumina coverage and the database of predicted gene regions of the genome was made available by Michael Deyholos (University of Alberta) prior to publication. The genome is publicly available at www.linum.ca.
To identify all potentially conserved miRNAs in the flax genome, all mature and hairpin miRNA sequences were downloaded from the miRBase sequence database, release 18.0, on December 11, 2011 and all known mature miRNA sequences were downloaded from the Plant MiRNA Database (PMRD) on November 15, 2011. [27] [28] [29] From miRBase v.18 4677 mature plant miRNA sequences were extracted and then were concatenated with the 10,121 mature miRNAs in the PMRD and redundant matches excluded. This provided a dataset of 7369 mature miRNAs and 4014 pre-miRNAs.
Software
NovoMIR was used to predict potential de novo miRNAs and was downloaded from http://www.biophys.uni-duesseldorf.de/t eune/. 25 NovoMIR finds all possible sequences capable of forming the canonical hairpin structure consistent with miRNA biogenesis. These sequences were then examined for sequence similarity to miRNA precursor sequences catalogued in miRBase and PMRD. The Vienna software package 1.8.4 containing RNALfold and the program RNAshapes, [30] [31] [32] are required by novoMIR and were also downloaded from the web site as well as the RNAFold module used to test the miRTour predicted structures. Visualization Applet for RNA secondary structure (VARNA) is a Java program which was used to draw and annotate structural representation of the structures predicted by the Vienna software .33 BLASTN 2.2.24 release (23 August 2010) was used to identify conserved pre-miRNA sequences among predicted premiRNAs using the miRBase v.18 dataset. 34 BLASTn was used to identify conserved mature miRNA sequences in the flax genome relying on the plant miRNA dataset in miRBase v. 18 and the PMRD as a reference set. Perl scripts were developed and used in parsing the data.
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Identification of microRNAs in the flax genome and in the EST database
The algorithm novoMIR was used in an ab initio approach to identify putative miRNAs and their precursors based on structural characteristics consistent with miRNA biogenesis. novoMIR was designed and tested on plant genomes. The prediction of miRNAs does not rely on knowledge of targets nor does it use comparative genomics. Rather, novoMIR is a Perl script that uses a series of filters and statistical models to discriminate a pre-miRNA from all other RNAs and to locate the miRNA:miRNA* complex in a putative premiRNA. novoMIR relies on RNAfold and RNAshapes for secondary structure prediction of precursors and the associated free energy measurements. 25 The Bethune genome and Unigene sequences were input into novoMIR. All nonmiRNA hairpin sequences were removed and the remaining putative miRNAs and their hairpins were compiled into a database. NovoMIR provides a maximum of six candidate mature miRNA sequences for each pre-miRNA, however this does not exhaustively identify all possible miRNAs. 25 The hairpin and mature miRNA sequences were then compared with the miRBase and PMRD databases, using Blastn, to identify conserved miRNAs with sequence homology to known miRNAs. The matches were identified as conserved miRNAs if the mature sequences were exact matches or had <2 mismatches to those in the databases and the mismatches did not occur in the region between nt 9 and 12. A Perl script was written to classify each putative miRNA gene as being located on a scaffold or contig without any predicted genes, or if the miRNA was inside, outside or overlapping predicted genes.
The miRTour program
The miRTour program was recently published and was used as an additional test of the Unigene dataset. 35 The Unigene database was entered into miRTour to identify conserved miRNAs and their targets. miRTour excludes protein coding ESTs and examines the non-coding ESTs for hairpins to form pre-miRNAs. It then looks for conserved mature miRNAs within hairpins with <2 mismatches miRNA: miRNA* and tries to identify a target for the miRNA within the same uploaded EST database.
Target prediction
The Plant Small RNA Analysis Server (psRNATarget) provides reverse complementary matching between miRNAs (and ta-siRNAs) and target transcript and determines target site accessibility by calculating unpaired energy (UPE) necessary for opening the secondary structure around the miRNAs target site while distinguishing between translational and posttranscriptional inhibition. 36 All mature miRNA sequences derived from the flax genome and Unigenes were entered into psRNATarget at http://plantgrn.noble.org/psRNATarget/ with Unigenes used as the transcript dataset for the target search. 36 PsRNATarget is able to distinguish between translational and post-transcriptional inhibition according to the binding pattern seen between positions 9-11. PsRNATarget was run with a maxExpect of 3, a length of 20 for complementarity scoring, 25.0 maximum UPE to unpair the target site, a flanking length of 17 bp upstream and 13 bp downstream of the target site to be used for target accessibility analysis and nt 9-11 used as the range of central mismatch leading to translational inhibition. Unigenes which were identified as targets, but which also had sequence homology to predicted genes from which the miRNAs were derived, were excluded from the dataset as being a miRNA with a predicted target.
Target annotation and pathway enrichment analysis
Targets identified by psRNATarget were curated through the Kyoto Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server (KAAS) at http://www. genome.jp to identify putative function (via BLASTx against non-redundant sequences) and assign them to a biological network according to their orthology. 37, 38 A bidirectional best hit assignment method was used against the plant genomes of: Arabidopsis thaliana (thale cress), Arabidopsis lyrata (lyrate rockcress), Oryza sativa japonica (Japanese rice), Ostreococcus lucimarinus, Ostreococcus tauri, and Cyanidioschyzon merolae. 38 KEGG BRITE was then used to identify functional hierarchies among the miRNA Targets and assign them to a biological process, cellular component or molecular function. 39 
Results
Identification of potential microRNAs in flax
The novoMIR program identified 2324 potential pre-miRNAs and 14,405 potential mature miRNAs from the flax genome Bethune v.09 which contained 56,344 scaffolds or contigs derived from the 302 Mb of non-redundant sequence representing ~85% genome coverage (Table 1) . Hairpin structures with the miRNA position indicated are available for all predicted miRNAs cited in this work in Supplementary Files 1 and 2. Genome and Unigene derived structures which did not meet the current criteria for miRNA biogenesis are available in in Supplementary Files 3 and 4 respectively. With removal of redundant matches, 3450 unique miRNAs and 1632 premiRNAs were obtained. Among the 30,640 Unigenes, 10,692 mature miRNA sequences of which 2688 were unique were identified and 1954 precursor sequences of which 1496 were unique were identified.
The Unigene and genome derived premiRNAs were compared and no redundant full length matches were identified. However, in a BLAST search of the genome, 507 of the Unigene pre-miRNAs could be aligned completely. The small overlap is likely due to the nature of the novoMIR algorithm which filters the five subsequences with the best locally stable structures derived from 1000 nt placed through RNALFold in order to expedite the first step of the algorithm. 25 When genomic sequences are put through novoMIR they are subdivided into 1000 nt fragments overlapping by 400 nt. 25 It is not unlikely that there would be many cases in which the genomic region associated with a Unigene would not be completely within the 1000 nt window of the algorithm as it scrolls the region of the genome from which the Unigene originates. Therefore it is not unlikely that the five best structures from a given region would not correspond with the five best structures from the Unigene of that region as the 1000 nucleotides examined for each may be off by at least 400 nt.
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The novoMIR predicted miRNAs were classified to miRNA families on the basis of sequence conservation to plant miRNAs listed in the PMRD and miRBase databases using a BLASTn algorithm with thresholds of 4E-06 (>21nt and <2 mismatches). Five miRNA genes from four families were identified among the Unigene dataset: miR159, miR165b, miR167, miR319 and unnamed miRNAs: PMRD-ptc-miRf10271-akr and PMRDptc-miRf10178-akr. Interestingly, we also had two matches to aly-miR167b* (which is antisense). Using the miRTour algorithm we identified an additional five miRNA genes belonging to three families: miR164, miR167 and miR408. MiR167 was identified as a conserved miRNA gene in the unigenes: LUSHE1NG-RP-072_C09_X, Contig6197, and LUSTE1AD-RP-276_D15_X. The hairpin associated with the miRNA derived from Contig6197 is shown in Figure 2 .
In the flax genome, two miRNAs with conserved sequences to those listed in the database could be found among the predicted premiRNAs. Precursors miR154 and miR791 in the flax miRNA dataset (Supplementary File 1) were found to have sequence conservation (20- (Table 2 ) with miR167 being the most abundant conserved family. According to miRBase (Release 18), miR167 has been associated with 25 different plant species. In Vitis vinifera it was found that the family miR167 had differential expression pattern according to tissue type, as did the families miR166, miR169 and miR171 which is consistent with additional findings in maize. [40] [41] [42] The miR167 family is also thought to be involved in auxin regulation, which is important for many diverse developmental responses, including cell elongation, division and differentiation. 43 All the conserved miRNAs identified in the Article Figure 2 . MicroRNA hairpin predicted from Flax Unigene Contig6197 derived using miRTour. The 171 nt hairpin pre-miRNA was folded using the RNAFold module in the Vienna package and the microRNA region highlighted using Visualization Applet for RNA secondary structure (VARNA). genome analysis were derived from matches between other plant miRNAs and the predicted flax miRNA precursors. Although the predicted flax mature miRNA sequences associated with these miRNA precursors did not harbor any exact matches, the precursors themselves were also found to have sequence homology to ptc-MIR169i and ptc-MIR319f with e-values of 1e-12 and 5e-19 respectively. As poplar is considered a close relative to flax, it is reasonable to see sequence similarity even among the precursor sequences. According to Thakur et al., positional conservation in plant miRNAs is observed in two distinct blocks, 2-13 and 16-19 with the conservation at position 2-12 found to be adequate. 44 Therefore, it could be argued that several additional conserved miRNAs have been identified, including a match to mtrmiR4414b, with a perfect match at positions 1-17. MiR4414b is thought to be involved in arbuscular mycorrhizal symbiosis formed by most flowering plants. 45 All putative miRNA genes derived from the genome were categorized as one of the following categories, overlapping+outside predicted genic regions, inside predicted genic regions or as being located on scaffolds for which no genes are predicted (often scaffolds <1Kb). We identified a total of 134 putative pre-miRNA sequences which overlap or are located outside genic regions (97 outside and 37 overlap), of which 74 were unique. Fifty-two pre-miRNA sequences were located inside predicted genes, of which 48 were unique. Within scaffolds and contigs for which no genes had been predicted (empty scaffolds) 2141 putative premiRNAs were identified, of which 1510 were unique. Although the flax genome is still undergoing annotation, we consider these empty scaffolds as intergenic regions. Therefore a total of 1584 unique putative premiRNAs were considered intergenic regions and 48 were located inside genes. This is consistent with the assumption that most small RNAs originate from intergenic regions. 45 However, it should be noted that annotation programs used for analyzing RNAseq data often filter out reads mapped to coding sequences (CDS) and thereby miss potential miRNAs, even if the miRNA match is a chance homology to a CDS, resulting in the miRNA being unidentified. 44 In a recent miRNA study in corn, miRNAs belonging to miR160, miR166, and miR194 families were found to overlap with a CDS or were homologous to a CDS but were later confirmed by RACE. 44 For this reason, the 48 putative miRNAs derived from inside 15 different genes were also considered, but were filtered further according to their location within the gene. Of the 15 genes predicted to form miRNAs, four contained the precursor sequences in their introns or UTRsg44356, g47829, g47848, and g45274 -and are the most likely candidates for being miRNA genes. Also likely are the two miRNAs found to overlap outside the gene -g47837and g47873. Three overlapped both intron and CDS regions -g21140, g4494, g47905 -and could be activated if facilitated by alternative splicing to produce only the miRNA, or the miRNA could be produced after splicing which would produce both the miRNA and spliced host mRNA. 46 We initially determined which miRNA genes were predicted to have targets and then used this subset to identify whether they were likely to be independently transcribed or transcribed as a multi-miRNA cluster. MiRNA genes located in introns and intergenic regions were considered to be distinct gene units. This information was used to count the number of miRNA genes and to identify any clusters of miRNAs which are >100 nt apart but not separated by more than 10,000 nt. Although the flax genome is still undergoing annotation, we took the view that scaffolds or contigs empty of predicted genes (empty scaffolds) should be annotated as intergenic regions. Therefore we examined them for clusters of putative miRNAs as well. As our initial search for pre-miRNA sequences allowed for pre-miRNA sequences to overlap, we limited our count of total miRNA genes to those which were >100 nt from the start of another putative pre-miRNA and to those not located within a single predicted gene. This gave a total count of 220 miRNA genes in the flax genome with an additional 434 in the Unigene data (each unigene was considered to possess at most a single transcribable unit). Five pre-miRNAs were found to be redundant, existing in both the genome and unigene datasets, leaving a total of 649 distinct miRNA genes (Table 1) . Although more predicted miRNAs were identified by novoMIR in the genome than in the Unigenes dataset as would be expected, more predicted miRNA genes were identified in the Unigene dataset than in the genome. This is likely due to the many predicted young miRNAs which were likely identified in the genome. Young miRNAs are thought to be transitory and often lack targets. 10 As our criteria limited predicted miRNAs to those with potential targets in the Unigene dataset, these were excluded from our dataset and the Unigene dataset appears enriched for predicted miRNAs using this method. As with all the predicted miRNAs discussed here, quantitative stem-loop RT-PCR could be used to validate the expression profile of these miRNAs within specific tissues. 47 A miRNA cluster was defined as pre-miRNA sequences >100 nt from the next start site and <10000 nt from another pre-miRNA. These parameters identified eight clusters among the flax genome dataset of pre-miRNAs with targets. Clusters were found in scaffolds 639, 755, 2502, 3375, 3907, 4004, 4176, and 4264. All the clusters identified were found on scaffolds lacking predicted genes. Scaffolds 4004 and 755 each possess three miRNAs in their clusters distributed over ~1800 nt and ~1000 nt in length respectively. Each mature miRNA located within a cluster was most often found to target genes which differed from those of other miRNAs in the same cluster. However, as nearly all the targets of miRNAs associated with clusters are of unknown function, we are unable to determine whether or not the gene regulation could be coordinated.
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Prediction of flax microRNA targets
At high stringency, psRNATarget used the 30,640 Unigenes as a transcript dataset to identify 1170 targets for the novoMIR generated miRNAs derived from Unigenes (Supplementary File 5) . Many sequences were targets of multiple miRNAs and 582 were unique target sequences. Among genomederived sequences, 4248 unique miRNA-target interactions were identified. As several miRNA sequence possibilities are associated with a single precursor, the number of miRNA-target interactions was reduced to correspond with a single transcriptional unit for a total of 211 miRNA-gene and target interactions and 209 unique targets.
Of the unique 211 transcribed miRNA gene/target combinations among flax genome miRNAs, we identified two genes which are targets for more than one miRNA. One of these genes was UNIGENE Contig6926 which is targeted by pre-miRNAs derived from g21140, which has an unknown function, and a premiRNA derived from g44356, which has sequence similarity to Populus trichocarpa RNA polymerase IV subunit. The miRNA:target duplex structures can be found in Supplementary File 6. BLASTx revealed that the putative target, UNIGENE Contig 6926, has sequence similarity with a Populus trichocarpa hypothetical protein of unknown function based on a search of non-redundant sequences.
A putative miRNA derived from g21140 was also found to target Contig 3977, as did the putative miRNA derived from g46976, a sequence with similarity to unnamed protein DUF677 with the PFAM domain PFAM: PF05055. BLASTx showed UNIGENE Contig 3977 has limited sequence similarity to a Populus trichocarpa predicted protein of unknown function. The miRNA:target duplex structures can be found in Supplementary File 7. As miRNAs predicted from the Unigenes listed here show no sequence similarity to known miRNAs they will need to be experimentally validated in order for their identity as speciesspecific miRNAs in flax to be confirmed.
Additionally, we found several cases where a miRNA was predicted to target more than one Unigene or instances where clusters were seen to regulate multiple genes. Using the KAAS, the targets were annotated according their predicted orthology to other known plant genes. In scaffold1238, various miRNAs which could all be derived from the same pre-miRNA were found to target two different genes: the EIF4E, translation initiation factor 4E or RPL29e, large ribosomal subunit 29e (Supplementary File 8) . Another example can be seen in scaffold1389 where FAD8, Omega-3 fatty acid desaturase and Threonine synthase could be targeted by two different miRNAs derived from the same pre-miRNA (Supplementary File 9) . In scaffold1966, EIF3D, translation initiation factor 3D or UTP18, U3 small nucleolar RNA-associated 18 protein can likewise be generated from a single precursor (Supplementary File 10) . Lastly, in scaffold 2548, inside gene g45274, multiple mature miRNAs appear capable of being made with three different targets: cytochrome C oxidase assembly protein, light harvesting complex1 chloroplast, and PP1C -protein phosphatase (Supplementary File 11).
MicroRNA target annotation
All genome and Unigene derived miRNA targets were curated through KAAS to annotate targets according to sequence similarity with other plant genes using a bidirectional best hit assignment. KAAS assigned a Kegg Orthology (KO) number to each target capable of being classified. A total of 170 KO numbers were assigned to the flax miRNA targets. Of these, 16 KOs were assigned to more than one gene. A detailed list of the Unigenes targeted with the KO identifier and predicted function based on orthology is given in Supplementary File 12.
Target pathway analysis
Targets were assigned to the Network hierarchies of Metabolism, Genetic Information Processes, Environmental Information Processes, and Cellular Processes using the KEGG BRITE hierarchies. Within each hierarchy proteins belonging to several families were identified. The Metabolism hierarchy is associated with 12 protein families according to KEGG BRITE. 106 of the 170 flax miRNA target KEGG orthologs were assigned to nine of these families with the most notable being 73 different classes of enzymes and 13 different proteins associated with photosynthesis. Among the enzymes targeted, oxidoreductases, transferases and hydrolases were the most abundant in this dataset (Figure 3) .
Six orthologs were shared between the Metabolism and Genetic Information Processing hierarchies: K01868 (threonyl-tRNA synthetase), K02726 (PSMA2; 20S proteasome subunit alpha 2), K03514 (REV1; DNA repair protein REV1), K06269 (PPP1C; protein phosphatase 1, catalytic subunit), K09580 (PDIA1, P4HB; protein disulfide-isomerase A1), and K15362 (BRIP1, BACH1, FANCJ; fanconi anemia group J protein). The last was disregarded as it is a protein unlikely to be associated with a biological pathway in plants. The Genetic Information Processing hierarchy contained 83 of the flax miRNA target KEGG orthologs and all 14 classes of proteins were represented. Thirtytwo of these orthologs were specific to the class of proteins associated with ribosomes and an additional five to ribosome biogenesis. Among the Environmental Information Processing heirarchy, orthologs were assigned to two of the seven protein families and two of the 11 protein families within the Cellular Processes hierarchy (Figure 4) . A more detailed breakdown of the genes within each of these major classes is given in Supplementary File 13.
Discussion
Twelve miRNA genes were identified in flax on the basis of unique pre-miRNA positions with structural homology to plant pre-miRNAs and complete sequence homology to published plant miRNAs, thereby meeting the requirements for miRNA annotation as outlined by Meyers et al. 18 These miRNAs were found to belong to seven miRNA families, with an additional two matches corresponding to as yet unnamed poplar miRNAs and a parologous miRNA with partial sequence homology to mtrmiR4414b. An additional 649 novel and distinct flax miRNA genes were identified to form from canonical hairpin structures and to have putative targets among the ~30,000 flax Unigenes. These novel flax miRNAs will need to be validated with high throughput sequencing of small RNA libraries.
Flax has fewer conserved microRNAs than expected
In comparison with other in silico analyses for miRNAs using either EST sequences, such as in Switchgrass with 44 families, 23 or genome survey sequences (GSS) such as in tobacco with 65 families, 48 the number of conserved miRNAs identified in flax appears low. However this is the first computational miRNA analysis performed on a complete genome. More comparable data has been observed in sugarcane where 14 families were identified using a combination of EST and GSS data, and from poplar, in which had 21 families identified from RNAseq data coupled to a computational approach, but only nine of these were conserved, the remainder being novel to poplar at that time. 49, 50 The cassava genome which is of a similar size to that of flax had 17 miRNA families identified bioinformatically from ESTs. 51 The low number of conserved miRNAs identified from the genome analyses (two) may suggest that the computational program novoMIR is better suited towards EST analysis rather than that of genomes. It is also possible that during the rapid genomic changes in flax, which occur in response to stress, miRNA sequences may co-evolve with their targets such that they become unidentifiable by means of sequence conservation analysis against known miRNAs in other plant species. 4, 52 For that reason, we focused our analysis on miRNAs which were found to have putative targets among the flax Unigenes.
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Advantages and disadvantages of source sequences
Computationally derived miRNAs and their targets are often confirmed experimentally to avoid false-positives. 18 This can be achieved using conventional cloning, Northern blots and cDNA cloning. However, in plants, these technologies are often not sensitive enough to detect miRNAs, as they are frequently underrepresented in the small RNA fraction. 47 In this study, the flax genome, Bethune v.09 and the flax seed EST database, UNIGENE were used to predict conserved and novel miRNAs. MiRNAs predicted from the flax genome which were not conserved were cross-referenced against the predicted genic regions. There are two benefits to this approach. First, it provides some confidence that the identified miRNAs are expressed, as their host genes are either expressed sequence tags or located within putatively transcribed regions, of which many have associated ESTs, and which also provides an alternative solution to the difficulties associated with large-scale experimental validation on expression of miRNAs. Secondly, expression data associated with these ESTs is readily available to assist in future miRNA experiments examining functional characteristics. Although computational analysis is often the most rationale first step in creating a miRNA profile, there are inherent limitations associated with this method. Some of these limitations are Phyla specific. In plants, it has been observed that while there can be high conservation in mature miRNA sequences, their precursor sequences are less likely to possess any sequence similarity to that of a related species, most likely due to the nature of adaptation in plants. 16 Consistent with previous findings, no pre-miRNAs were identified to have >85% identity to the pre-miRNA sequences belonging to the conserved mature miRNA sequences which have already been identified. 16 Therefore it was not surprising that of the many precursor sequences identified by NovoMIR only two pre-miRNAs were found to have any significant sequence similarity to that of another known pre-miRNAs, miR319 and miR169. As expected, the premiRNAs found to have any sequence similarity to those in flax were from a close relative of flax, poplar.
Flax miR319 associated with transposons
A single EST match with sequence similarity to a predicted gag-protease-integrase-RTRNAseH and a reverse transcriptase was found among the many putative targets identified for miR319. As miR319 has been shown to be a highly conserved miRNAs responsible for targeting the LANCEOLATE (LA) class of TCP transcription factors, this association with another nucleic acid recognition protein suggests that a common motif may be responsible for the match observed in this data. 54 This is notable in light of recent finding that flax has relatively few known transposons and recent data suggesting a role for transposons in the evolution of miRNAs in plants. 26, 55 Further analysis into the origin and function of miR319 in flax may provide additional insight into this phenomenon and that of the paucity of transposons in flax.
Flax miR169 associated with ribosome biogenesis
In miRBase v.18, miR169 represents one of the largest miRNA families, with over 200 different members (www.miRBase.org). The flax pre-miRNA 154 identified as belonging to this family was found to have limited sequence similarity to miRNA precursor ghb-miR169a (Gossypium) and ptc-miR169i while mature miRNA sequences from several plant species including Brassica (bna-miR169i), another oil seed crop, and Populus (ptc-169o), one of the closest relatives of flax with an annotated genome, had matches within the predicted flax miRNA precursor with less than two mismatches between nucleotides 111 and 132 of the precursor. Limited structural similarity was observed with the folded pre-miRNAs from flax and Gossypium ( Figure 5) .
The mature miRNAs from flax and Gossypium were identical and the placement of the miRNA sequence within these premiRNAs is shown in Figure 5 as well as the location of the novoMIR predicted mature miRNA sequence for flax mir154. This demonstrates the variability in the overall pre-miRNA sequence while maintaining the canonical hairpin structure with the conserved miRNA sequence not representing a large enough fraction of the pre-miRNA to be identified through homology searches alone. These data show the value in the de novo prediction method used here which will subsequently need to be supported by experimental data.
Conclusions
Although the numbers of conserved premiRNAs identified from the flax genome analysis are fewer than those seen in other genomes where a similar analysis has been performed, this may be due to significant differences in the composition of the flax transcriptome or suggest that the novoMIR algorithm is better suited to EST analysis. However, the number of total conserved miRNAs predicted from the EST database is similar to other miRNA analyses. High throughput sequencing of small RNAs in Bethune is needed to validate the novel miRNA sequences predicted here which do not have homologs among the current miRNA database on the basis of sequence conservation. The sequence, mapping and pRNAtarget data for all miRNAs derived from the flax genome and their precursors predicted by novoMIR are included in Supplementary File 14. 
